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We have compared nine Enterococcus faecalis strains with E. faecalis V583 by comparative genomic hybrid-
ization using microarrays (CGH). The strains used in this study (the “test” strains) originated from various
environments. CGH is a powerful and promising tool for obtaining novel information on genome diversity in
bacteria. By CGH, one obtains clues about which genes are present or divergent in the strains, compared to a
reference strain (here, V583). The information obtained by CGH is important from both ecological and
systematic points of view. CGH of E. faecalis showed considerable diversity in gene content: Compared to V583,
the percentage of divergent genes in the test strains varied from 15% to 23%, and 154 genes were divergent in
all strains. The main variation was found in regions corresponding to exogenously acquired or mobile DNA in
V583. Antibiotic resistance genes, virulence factors, and integrated plasmid genes dominated among the
divergent genes. The strains examined showed various contents of genes corresponding to the pTEF1, pTEF2,
and pTEF3 genes in V583. The extensive transport and metabolic capabilities of V583 appeared similar in the
test strains; CGH indicated that the ability to transport and metabolize various carbohydrates was similar in
the test strains (verified by API 50 CH assays). The contents of genes related to stress tolerance appeared
similar in V583 and the nine test strains, supporting the view of E. faecalis as an organism able to resist harsh

conditions.

Enterococcus faecalis is a “two-faced” organism. Most strains
of the species are harmless commensals. They may be benefi-
cial to health (probiotic), they can be found naturally in raw
material, and they can be used in starter cultures for fermented
food. Other strains are feared opportunistic pathogens, caus-
ing serious illnesses in hospitals all over the world. Like many
other strains of lactic acid bacteria, E. faecalis strains are in-
trinsically resistant to commonly used antibiotics and they ac-
quire antibiotic resistance determinants rapidly. Because of the
versatile nature of this bacterium as a commensal and as a
pathogen and its impact on human health, it is of great interest
to study the mechanisms, that direct the shift between the
harmless and pathogenic conditions. Much information on this
can be obtained by studies of the genetic diversity of the spe-
cies. Until a few years ago, diversity of bacteria was often
characterized by sequencing of rRNA genes, a limited number
of other genes, and/or signature sequences. For determination
of species affiliation, DNA reassociation experiments to deter-
mine DNA homology values are, despite many limitations, still
the most important method. The use of genome-wide microar-
rays opens new possibilities regarding detailed information on
the genomic diversity of bacteria, as well as the determination
of species affiliations. For versatile organisms like E. faecalis, it
is of interest to study which mechanisms lead to this versatility.
By using microarrays to study genomic diversity in detail, one
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may obtain clues regarding the evolution of the strains within
a species, e.g., how one strain becomes useful in foods while
another strain becomes a feared pathogen.

In general, the knowledge of genomic diversity among bac-
teria is scarce, but the availability of complete genome se-
quences and the development of tools such as microarrays
enable us to study whole genomes efficiently. It is believed that
information on gene content and genome organization will
give important clues about the driving forces in bacterial evo-
lution. Some studies on the genetic and genomic diversity of
enterococci have been published (5, 6, 14, 15, 18, 31), but only
after the completion of a genome sequence is it possible to do
genome-wide comparisons of strains within a species.

The complete genome sequence of E. faecalis V583 has been
published (23). V583 is a vancomycin-resistant clinical isolate
whose genome contains a large number of mobile genetic el-
ements (MGEs). The acquisition of MGE:s is believed to be an
important mechanism by which the species E. faecalis has been
able to generate genetic diversity and, thereby, highly variable
phenotypes (23). Microarrays representing the V583 genome
can be used to study transcriptional activities, and they can be
applied in studies of diversity within the species on a genome-
wide scale. By allowing hybridization of genomic DNA from an
“unknown” strain to the microarray, one can obtain a mea-
surement of the similarity and divergence between two closely
related strains. This technique, comparative genomic hybrid-
ization (CGH), or genomotyping, is a powerful tool to estimate
whole-genomic diversity and to determine the minimal core of
functional genes in a bacterial species (19). CGH is also a
relatively rapid method, although it is still expensive because of
the costs associated with microarray experiments. CGH pro-
vides a promising predictive tool for correlating phenotypes
and genotypes, and it permits genome scale analysis of the
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TABLE 1. Bacterial strains used in this study

E. faecalis strain® Origin and/or characteristic(s) Reference(s)
NCDO 581 Type strain
NCDO 642 Type strain
EF BRIDGE Food
JH2-SS Laboratory; Str" Spc’ pAD1 33
V24 Environment, bacteriocin producer 17
OGI1RF Laboratory; Rif" Fus* 21
INY3000 Tn916 mutant of OG1SSp 3,34
138Vet Veterinarian
179Vet Veterinarian, multiresistant
V583 Hospital; Van" 23,27

“The strain designations shown are used as abbreviations for the strains
throughout this paper.

molecular population genetics of a species. CGH has now been
applied in studies of several bacterial species (see, e.g., refer-
ences 2, 4, 7, 13, 28, and 32), and the CGH studies have given
important insight into and indications about evolutionary
events (4, 7, 13), genome composition (9), pathogenicity po-
tential (16, 24), and horizontal gene transfer (19). In a recent
study by Lepage et al. (18), a macroarray containing selected
genes from E. faecalis V583 and MMH594 was used in a CGH
approach related to food safety. Presumably, CGH with ge-
nome-wide microarrays of enterococci will provide crucial in-
formation about their evolution, survival mechanisms, and
pathogenic potential.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. All strains were grown overnight in flasks of brain
heart infusion medium (Difco) at 37°C on a rotary shaker (300 rpm).

Microarrays, DNA extraction, labeling, and hybridization. The microarrays
used have been described previously (1). DNA extraction was performed with
ADVAMAX beads (EdgeBioSystems) as follows. Cell lysis was performed by
resuspending cell pellets in a buffer containing 10% sucrose, 2 mg/ml lysozyme,
0.4 mg/ml RNase A, 25 mM Tris (pH 8.4), and 25 mM EDTA (pH 8) and
incubation for 10 min at 37°C prior to addition of sodium dodecyl sulfate (SDS;
final concentration, 1%) and NaCl (final concentration, 0.8 M) and incubation at
65°C for 5 min. Then, 100 pl ADVAMAX beads (~15% of the total volume) and
MgCl, (final concentration, 0.09 M) was added, mixed by vortexing, and centri-
fuged for 5 min in a table-top centrifuge at maximum speed. The DNA was
precipitated from the supernatant with isopropanol, dried, and resuspended in
1X Tris-EDTA (pH 8.0).

For the CGH experiments, 5 pg DNA from each strain was used. The DNA
was digested with Rsal (Promega) and cleaned up with the QIAQuick PCR
purification kit (QIAGEN) or the Bioprime DNA labeling kit (Invitrogen).
Fluorescent labeling was performed by random priming with the Bioprime DNA
labeling kit (Invitrogen). The concentrations of nonfluorescent nucleotides in the
reaction mixtures were 0.12 mM each dATP, dCTP, and dGTP and 0.06 mM
dTTP. To each labeling reaction mixture (50- or 25-pl total volume), fluorescent
nucleotide analogs (cyanine 5-dUTP or cyanine 3-dUTP; Perkin-Elmer Life
Sciences) were added to a final concentration of 0.06 mM. Reactions were
stopped by addition of EDTA (pH 8.0) and cleaned up with Microcon-30 filters
(Amicon/Millipore). Hybridizations to the microarrays were conducted as fol-
lows. Slides were prehybridized by incubation at 50°C for 30 min in a solution
containing 1% bovine serum albumin (Calbiotech), 3.5X SSC (1x SSCis 0.15 M
NacCl plus 0.015 M sodium citrate), and 0.1% (wt/vol) SDS. Dried, fluorescently
labeled samples were resuspended in a hybridization solution (40 pl) containing
5% SSC, 0.1% (wt/vol) SDS, 1.0% (wt/vol) bovine serum albumin, 50% (vol/vol)
formamide, and 0.01% (wt/vol) single-stranded salmon sperm DNA. The resus-
pended probes were applied to the arrays underneath a lifterslip (Erie Scientific
Co.) and incubated in the dark at 42°C for 6 h or overnight. Following hybrid-
ization, excess hybridization solution and unspecifically bound probe were
washed away during four washing steps with gentle shaking, in the dark, as
follows: 2 min in 2X SSC-0.1% SDS, 1 min in 1X SSC, 1 min in 0.2X SSC, and
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30 s in 0.05X SSC. Immediately after washing, the arrays were dried by centrif-
ugation at 600 rpm for 5 min in an Eppendorf 5810R table-top centrifuge
(Eppendorf). Two replicate hybridizations (dye swap) were performed for all
strains.

Hybridized arrays were scanned at wavelengths of 532 nm (cyanine-3) and 635
nm (cyanine-5) at a 10-wm resolution to obtain two TIFF images with a Scan-
ArrayExpress Microarray Scanner (Packard Bioscience). Fluorescence intensi-
ties and spot morphologies were analyzed with QuantArray program ver. 3.0
(Packard BioScience) or GenePix Pro 6.0 (Molecular Devices), and spots were
excluded on the basis of slide or morphology abnormalities.

Microarray data analysis. Data preprocessing followed a standard procedure
with respect to background correction and filtering (25). Due to the highly
skewed distribution of log ratios in microbial CGH experiments (many small and
few large values), a standard normalization procedure, e.g., subtraction of a
trend found by LOWESS smoothing log ratios over total signal intensity, is
problematic. To avoid the assumption of a symmetric distribution of the invariant
genes, and since all experiments were dye swapped, we implemented a dye swap
normalization procedure. The dye effect on the log ratios for every gene was
LOWESS smoothed over total signal intensity and then used for correction of all
the original log ratios on both arrays in the dye swap pair. For the downstream
analysis, only the average normalized log ratio for each gene was used.

In order to discriminate between present and divergent genes, we calculated
ROTMIX scores for every gene as described by Snipen et al. (30). This score (p;)
can be seen as a posterior probability of divergence; i.e., if p; is close to 1, gene
i is likely to be divergent (absent) and if p; is close to 0, it is likely to be present.
If this score is ~0.5, the status of the gene is uncertain and it may be left
unclassified. In order to avoid many false discoveries (false positives and false
negatives), we only classified as divergent genes with p, values larger than 0.9 and
as present genes with p; values smaller than 0.1.

API 50 CH for determination of fermentation patterns. The nine test strains
and the reference strain, V583, were subjected to the API 50 CH assay (Bio-
Meérieux, Marcy I'Etoile, France) according to the manufacturer’s instructions.
Cell suspensions were applied to API 50 CH strip wells, which were coated with
petrolatum and incubated at 37°C. The results were read after 24 h and verified
after 48 h. Fermentation of carbohydrates in the carbohydrate medium was
indicated by a yellow color. Color reactions were scored against a chart provided
by the manufacturer.

Microarray data accession number. The microarray data have been deposited
in the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) with the series
accession number E-MEXP-931.

RESULTS AND DISCUSSION

The total number of genes from E. faecalis V583 represented
on the microarrays was 3,160, which comprised both chromo-
somal (3,023 genes) and plasmid-carried genes (137 genes). Be-
cause of PCR failure during the construction of the V583 mi-
croarray, some of the genes (n = 177) were missing from our
array analysis. It should be mentioned that we here use the term
“gene” for sequences that actually are predicted genes or open
reading frames (ORFs), according to Paulsen et al. (23) and the
Comprehensive Microbial Resource (http:/cmr.tigr.org/tigr-scripts
/CMR/GenomePage.cgi?org_search=&org=gef), of which the ma-
jority have not been experimentally verified to be functional
genes.

A divergent gene may be a gene which is absent in the test
strain or a gene whose sequence has evolved so much that
detectable hybridization cannot be obtained. Genes that ob-
tained p; scores between 0.1 and 0.9 were left unclassified in
this study. A histogram (Fig. 1) showing a typical distribution
of p, (ROTMIX) scores justifies our choice of cutoff values (0.1
and 0.9). As shown in Fig. 1, this is actually a large majority of
the genes in the array. The histogram shows that the choice of
cutoff values is not critical (cutoffs of 0.25 and 0.75 would not
give very different results). At around 0.5, there are a number
of “difficult” genes, for which classification will be uncertain.
By not classifying these genes, we avoid a number of false
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FIG. 1. Histogram of typical ROTMIX (p;) score distribution. This
is for the hybridizations with strain NCDO 642.

statements. A relatively low number of genes fell into the
unclassified category. The highest number of such genes (chro-
mosomal) was found in strain 138Vet (175 genes), while in
strain NCDOS581 there were only 54 unclassified genes. In this
work, our primary focus was a comparison of the presence or
divergence of V583-like chromosomal genes in the other nine
strains. But on the basis of this CGH analysis, it is not possible
to decide whether a gene is present on a chromosome or on a
plasmid in a test strain.

The fundamental assumptions behind the use of the ROTMIX
score for data analysis, as described by Snipen et al. (30), is that
the microarray data are distributed in a V-shaped pattern when
displayed in a microarray plot. This was indeed the case for the
present data (results not shown). Hence, for the data obtained
here, we expected this procedure to work very well. The un-
classified genes in a data set are typically found at low micro-
array signal intensities (not shown).

We found that 154 chromosomal genes were divergent in all
nine of the strains examined while 1,125 genes were classified
as divergent in one or more of the nine strains studied. Out of
the 154 genes that were divergent in all of the strains, more
than 100 are classified as genes encoding hypothetical proteins.
For 45 of these genes, a function has been predicted, and these
genes are listed in Table 2. Compared to the V583 chromo-
some, the percentage of divergent genes in the test strains
varied from 15% in NCDO 581 to 23% in INY3000.

The results of our genome-wide CGH supported the results
of the macroarray CGH by Lepage et al. (18). Similar patterns
of gene content variability were found in our work. The sug-
gestions of Lepage et al. (18) on the distribution of selected
genes between food and clinical isolates were also supported.
Genes shared by all strains may be part of the core of func-
tional genes defining the species E. faecalis. With a few excep-
tions, the 124 genes found to be conserved in the work of
Lepage et al. (18) were also conserved (present in all strains)
in our work. The gene EF3041, coding for a pheromone-bind-
ing protein, was divergent in all of the strains analyzed by us,
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while the gene was present in all of the strains analyzed by
Lepage et al. (18).

MGEs: gene content in test strains. The main variation in
gene content revealed by the CGH analysis relates to the
mobilome (i.e., the pool of MGEs in a prokaryotic genome [8])
of V583, as illustrated in Fig. 2 and 3. The pattern of the
presence or divergence of genes in the test strains is shown in
Fig. 2. Comparison of the nonmobile gene pool and the DNA
that has probably not been horizontally transferred showed
that the similarities between the strains examined are high. In
Fig. 2, the main regions of variability are highlighted. These
regions correspond to putative MGEs that have been predicted
in V583 (summarized by Lepage et al. in reference 18). The
phage02 region, corresponding to EF1276 to EF1293, is not
highlighted in Fig. 2, since nearly all phage02 genes were found
to be present in the test strains; only the endolysin gene
(EF1293) was divergent in one strain (OG1RF), and a few
genes were unclassified. The phage02 region therefore appears

TABLE 2. A selection of genes that were divergent in all of the
strains examined in this study’

ORF Gene Function
EF0137 Nucleotidyltransferase domain protein
EF0150 Membrane protein, putative
EF0166 Site-specific recombinase, phage integrase family
EF0304 Lipoprotein, putative
EF0306 Transcriptional regulator, Cro/CI family
EF0312 Aspartate 1 decarboxylase domain protein
EF0317 Transcriptional regulator, Cro/CI family
EF0510  ssb-3 Single-strand binding protein
EF0518 Cell wall surface anchor family protein
EF1442 DNA topoisomerase domain protein
EF2096 Tail protein
EF2115 Transcriptional regulator, ArpU family
EF2129 DNA replication protein, putative
EF2142 Transcriptional regulator, Cro/CI family
EF2144 Lipoprotein, putative
EF2145 Site-specific recombinase, phage integrase family
EF2255 Site-specific recombinase, phage integrase family
EF2259 Phosphosugar-binding transcriptional regulator, putative
EF2265 Carbohydrate kinase, pfkB family
EF2266 2-Dehydro-3-deoxyphosphogluconate aldolase/4-
hydroxy-2-oxoglutarate aldolase, putative
EF2269 PTS, IID component
EF2273 Transcriptional regulator, GntR family
EF2278 Lipoprotein, NLP/P60 family
EF2279 Membrane protein, putative
EF2286 ParB-like nuclease domain protein
EF2290 RNA polymerase sigma 70 factor, ECF subfamily
EF2291 Transcriptional regulator, Cro/CI family
EF2296  vanW Vancomycin B-type resistance protein VanW
EF2300 Streptomycin resistance protein, putative
EF2323 Modification methylase, putative, truncation
EF2326 Group II intron reverse transcriptase maturase
EF2340 C-5 cytosine-specific DNA methylase
EF2350 Transcriptional regulator, Cro/CI family
EF2803 Holin
EF2955 Site-specific recombinase, phage integrase family
EF3034 Transcriptional regulator, GntR family
EF3037  pepA Glutamyl-aminopeptidase
EF3041 Pheromone binding protein
EF3043 PTS, IIC component
EF3044  nagA2  N-Acetylglucosamine-6-phosphate deacetylase
EF3050  tag-2 DNA-3-methyladenine glycosylase I
EF3099 Transporter accessory protein, putative
EF3103 Membrane protein, putative
EF3104 ABC transporter, ATP-binding protein
EF3226 Rep protein

“ Genes encoding hypothetical proteins which were deemed divergent in all
strains are not listed.
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FIG. 2. Genome comparison of E. faecalis strains with the sequenced V583 strain. Each row corresponds to a specific spot (gene) on the
microarray. The genes are arranged according to the numbering of V583 genes, with EF0001 at the top and EF3333 at the bottom. Each column
corresponds to a test strain (Table 1). The status of each gene is indicated as follows: black, present; white, divergent; grey, unclassified. Positions
of putative MGEs predicted in the V583 chromosome are indicated by arrows.

widespread and may be considered an ancient MGE of E.
faecalis.

A summary of the content of genes corresponding to the
MGE:s of V583 (mentioned by Lepage et al. in reference 18) is
shown in Fig. 3. The Tnl549-like transposon carries the van-
comycin resistance-encoding genes (EF2283 to EF2334).
Among the genes that were divergent in all of the test strains
was EF2296, encoding the vancomycin resistance type B pro-
tein VanW, whose function in vancomycin resistance is not
known. The other genes related to vancomycin resistance
(EF2293 to EF2299) were divergent or unclassified in at least
six test strains (Fig. 3). Hence, in the majority of the test strains
we cannot claim that vanB-type vancomycin resistance is
present. On the basis of the patterns of variability of the MGE
genes in the test strains, one may hypothesize about the dis-
semination of the MGE:s in the species and whether they are
ancient or recent acquisitions. According to our CGH results,
efaB5 (EF1857 to EF1895), phage04 (EF1988 to EF2043), and
phage06 (EF2798 to EF2855) are ancient acquisitions. These
MGEs display a higher level of gene presence in the test strains
than the other MGEs do (Fig. 3). efaB5 contains pantothenate
biosynthesis genes EF1859 and EF1860, which are discussed
below. phage04 and phage06 both contain endolysin-encoding
genes. Regarding the pathogenicity island (PAI), the highest
level of gene divergence was found in strains V24, OG1REF,
and INY3000, while 138Vet, which is a multiresistant veteri-
nary isolate, had a high level of present PAI genes (Fig. 3).

Nearly 40 IS elements have been identified in V583 (23), and
there are two clusters of IS elements. One of these clusters is
associated with the PAI (see below) and contains integrated
plasmid genes, while the other IS cluster flanks a region with
an unusual nucleotide composition (EF1858 to EF1860, en-
coding panDCB; see below). The V583 PAI was described
previously (29). It comprises the region from EF0479 to
EF0628 in the V583 genome and contains several virulence
factors. The PAI is a “mosaic” of several IS elements and
integrated plasmid genes. Thus, as expected, the content of
PAI genes in the strains examined varies.

Genes conserved among low-GC gram-positive bacteria. A
comparison of the V583 genome sequence with 10 other se-
quenced low-GC gram-positive bacteria (23) revealed more
than 500 conserved ORFs, constituting one-sixth of the genes
in the V583 genome (see Table S1 in the supplemental mate-
rial). These genes are mainly found outside the regions con-
taining mobile or exogenously acquired DNA. A few of the
conserved genes are located within the PAI of V583 or within
other MGEs, which indicates that, in an evolutionary context,
parts of the V583 mobilome are ancient (see Table S1 in the
supplemental material). However, it is surprising that we found
parts of an MGE conserved across these organisms. This prob-
ably relates to the fact that a majority of the 10 genomes with
which V583 was compared are well-known pathogens (e.g.,
Staphylococcus aureus, Listeria monocytogenes, and Streptococ-
cus pneumoniae). By the CGH approach, we found, as ex-
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FIG. 3. Patterns of presence or divergence of MGE genes in test strains compared to V583. MGEs efaCl and phage02 (see reference 18) are
not shown. Panels: a, efaC2; b, phage01; ¢, PAI; d, phage03; e, efaB5; f, phage04; g, phage05; h, vanB resistance region; i, phage(6; j, phage07.
Each column in each panel corresponds to a test strain (Table 1), and in all panels the strains are listed equally, from the left, as follows: V24,
JH2-SS, EF-BRIDGE, NCDO 642, NCDO 581, 179Vet, 138Vet,0OG1RF, and INY3000. The status of each gene is indicated as follows: black,
present; white, divergent; grey, unclassified. The genes are arranged according to the numbering of V583 genes as follows: efaC2, EF0127 to
EF0166; phage01, EF0303 to EF0355; PAI, EF0479 to EF0628; phage03, EF1417 to EF1489; efaB5, EF1847 to EF1895; phage04, EF1988 to
EF2043; phage05, EF2084 to EF2145; vanB resistance region, EF2277 to EF2346; phage06, EF2798 to EF2855; phage07, EF2936 to EF2955.

pected, that a large majority of the conserved genes were
present in the test strains (see Table S1 in the supplemental
material). Only seven of these conserved genes were divergent
in all of the strains (see Table S1 in the supplemental material).
These genes were EF0584 (coding for an ABC transporter,
ATP-binding protein; unclassified in JH2SS), EF2257 (coding
for a putative phosphotransferase system [PTS] IIC compo-
nent; unclassified in NCDO581 and138Vet), EF2263 (coding
for a putative gluconate 5-dehydrogenase; unclassified in
138Vet), EF2299 (coding for DNA-binding response regulator

VanRB; unclassified in 138Vet), EF3037 (coding for a glu-
tamyl aminopeptidase), EF3044 (coding for an N-acetylglu-
cosamine-6-phosphate deacetylase), EFA0067 (coding for PTS
ITABC components). Our CGH analysis confirms the presence
of the majority of those genes considered conserved among
low-GC gram-positive bacteria also in the E. faecalis strains
examined. Fastidious organisms like E. faecalis are dependent
on obtaining many nutrients from their environment, and ac-
cordingly, they possess a large amount of genes involved in the
transport of nutrients into the cells. Genes coding for, e.g.,
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ABC transporters and PTS components thus constitute a high
percentage of the genes conserved among the low-GC gram-
positive bacteria. The CGH analysis supported the notion that
most of these genes were present in the species E. faecalis as a
whole. Included among the conserved genes, we found, as
expected, housekeeping genes like those encoding ribosomal
proteins, translation factors, DNA polymerase, gyrase, ligase,
and topoisomerase and acetyl coenzyme A carboxylase.

The importance of two-component signal transduction sys-
tems (TCSs) for the ability of E. faecalis to respond to envi-
ronmental stimuli has been stressed by, e.g., Hancock and
Perego (11, 12). Several genes encoding response regulators
and histidine kinases are conserved among the low-GC gram-
positive bacteria, and all of these genes (except EF2299,
vanRB, and EF0571, within the PAI) were found to be present
in the nine strains examined by CGH as well (see Tables S1
and S2 in the supplemental material). A further survey of the
content of TCSs in the test strains follows below.

Although the comparison of V583 with these low-GC gram-
positive bacteria showed a high degree of conservation be-
tween them and V583, the level of synteny was low (23). CGH
microarrays do not reveal the locations of various genes within
the test strains; thus, we cannot estimate the level of synteny
among the strains we have studied here.

Transport and metabolic capabilities as revealed by CGH
and API 50 CH. According to the gene content in the V583
genome, its transport and metabolic capabilities are extensive.
In addition to 35 probable PTSs for sugar transport, the ge-
nome contains several ABC-type and other sugar transport
systems, and genes encoding pathways for the utilization of 15
sugars have been predicted in the V583 genome (23). In gen-
eral, the contents of PTSs and ABC-type sugar transporters
appeared similar in V583 and the nine strains with which it was
compared by CGH (summarized in Table 3). We suppose that
the presence or divergence of the genes related to the various
pathways indicates the ability of a strain to utilize a certain
sugar for growth. To verify the CGH results for these genes, we
used the API 50 CH assay to test the fermentation patterns of
each strain.

The results suggested that all strains (including V583) have
the ability to utilize cellobiose, fructose, lactose, galactose,
glucose, glycerol, maltose, mannitol, mannose, N-acetylglu-
cosamine, ribose, sucrose, and trehalose. Arabinose may be
used by strains NCDO 581, V24, and EF BRIDGE. The API
50 CH test for rhamnose was positive for strains NCDO 581,
NCDO 642, and 179Vet, while the genes needed for utilization
of rthamnose was present in all of the strains tested. Thus, it
appears that rhamnose fermentation is not a common property
in E. faecalis, possibly because of a lack of transport capabili-
ties for this sugar. The ability to use xylose appeared limited
among the strains studied here; the xyl4 gene was present in
138Vet only. The API CH 50 assay supported this finding;
none of the strains showed the ability to ferment xylose. In
Table 3, the API 50 CH test results for the carbohydrates
mentioned above, along with CGH results for selected genes
related to transport and utilization of the sugars, are shown.

Virulence-related genes. These days, much attention is
drawn to the pathogenicity of E. faecalis. The mechanisms by
which the pathogenic strains of E. faecalis invade their hosts
are not well known. The genome sequence of V583 revealed
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several groups of genes that may be related to its pathogenicity,
e.g., genes that may enable adhesion to host cells and translo-
cation across intestinal epithelium and surface-exposed puta-
tive virulence genes (23). A relatively high proportion of these
genes was found to be present in all of the nine strains exam-
ined by CGH (see Table S3 in the supplemental material).
Only 13 of these genes are found among the genes conserved
among low-GC gram-positive bacteria. One may therefore
speculate whether some of these surface-exposed, virulence-
related genes are specific for the E. faecalis species. It might be
that the products of such E. faecalis genes are important for the
survival and growth of all E. faecalis strains. In the absence of
certain virulence genes (or, rather, when they are not ex-
pressed), the strains become harmless, while the presence (ex-
pression) of certain other genes in the group contributes to the
pathogenicity of other strains. Several suspected virulence
genes are found within MGEs. Such suspected genes are
EF0149 (in MGE efaC2), EF0485 (in PAI), EFA0047 (all
coding for aggregation substance), the cytolysin operon
EF0525 to EF0528 (in PAI), EF0700 (coding for hemolysin),
EF0799 (coding for autolysin), and EF1992 (coding for endo-
lysin in phage04). Several of these genes were present in more
than one of the test strains (see Table S3 in the supplemental
material). CGH results of regions comprising some of these
genes are highlighted in Fig. 4. The hemolysin- and autolysin-
encoding genes were present in all of the test strains (Fig. 4;
see Table S3 in the supplemental material), while the endolysin
gene (EF1992) was unclassified in OG1RF and divergent in
V24 and INY3000 only. The content of the cytolysin operon
and the aggregation substance genes was more variable (Fig. 4;
see Table S3 in the supplemental material). Similar to what
was found in our study, the presence of several virulence fac-
tors in harmless strains was observed also by Lepage et al. (18).
This indicates that E. faecalis virulence is not a result of single
virulence factors.

Stress resistance genes. E. faecalis is known as an organism
able to tolerate highly variable growth conditions, and it tol-
erates high stress levels (see, e.g., reference 1 and references
therein). In the V583 genome, these abilities are reflected in a
number of genes (ca. 50) assumed to be involved in various
types of stress resistance (e.g., resistance to oxidative stress,
osmotic stress) (23). Of these predicted stress resistance genes,
only 13 are conserved among the low-GC gram-positive bac-
teria mentioned by Paulsen et al. (23). Among the nine strains
examined by CGH, only five genes appeared divergent in some
of the strains (see Table S4 in the supplemental material).
Thus, the predicted broad stress resistance capabilities appear
to be widespread in the species E. faecalis and support the view
of E. faecalis as a bacterium able to tolerate diverse and harsh
conditions.

Two-component signal transduction systems. As mentioned
above, TCSs in V583 have been analyzed and reviewed by
Hancock and Perego (11, 12). The presence or divergence of
the various TCSs in the strains we studied by CGH is shown in
Table S2 in the supplemental material. Overall, the content of
TCSs in the strains examined appeared similar to that of V583.
The TCS located within the PAI (EF0570 and EF0571) was
divergent in nearly all of the strains (see Table S2 in the
supplemental material). Likewise, the TCS located within the
mobile element containing the vancomycin resistance genes
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TABLE 3. CGH results for selected genes related to transport and utilization of sugars and API 50 CH test results for selected carbohydrates

Carbohydrate(s)

OREF (gene)

Result for strain:

V583,
API?

NCDO 581

NCDO 642

EF BRIDGE

JH2-SS

V24

OGIRF

INY3000

138Vet

179Vet

CGH*

API

API

CGH  API

CGH

API

Q
Q
jan

API

CGH

API

CGH

API

CGH

API

API

Arabinose
Cellobiose

Fructose

Lactose and
galactose

Glucose
Glycerol

Maltose
Mannitol
Mannose

N-Acetylglucosamine

Rhamnose

Ribose

Sucrose

Trehalose

Xylose

EF1131 (araD)
EF1159
EF1160
EF0694
EF0717
EF1167 (fba)
EF1504
EF1834 (lacB)

EF1835 (lacA)
EF1416 (pgi)
EF1129
EF1928
EF1929 (glpK)
EF0954-EF0958
EF0411-EF0413
EF0020
EF0021
EF0022
EF2589 (manA)
EF0451
EF0466 (nagB)
EF3044 (nagA2)
EF0433
EF0434 (rhaA)
EF0435 (rhaD)
EF1243
EF0197 (rpid)
EF1922
EF2959
EF2960 (rbsD)
EF2961 (rbsK)
EF1603 (scrBI)
EF1746 (galU)
EFA0069
(scrB2)
EF0955 (galM)
EF0956 (pgmB)
EF1068 (galM)
EF2788 (glcK)
EF0556 (xylA)

Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Neg

Pos

Pos

Pos

Neg

l+++++++++++ 1 ++++++++++++ 1 +++++++

4+ +

Pos
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Pos

Pos

Pos

Pos

Neg

l++++++2Z|8
SRR

l+++++++++++ 1 ++++++++++++ 1

++ 4+ +

Neg
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Pos

Pos

Pos

Pos

Neg

Z
o

Pos
Pos

Pos

++++++

Pos

Pos

>

Pos

Pos
Pos
Pos

>

Pos

t+++ZH++++2Z+

Neg

Pos

Pos

t++++ A+

Pos

++++

Neg

+++++++

+

i S S S S A

I +++++++++++

++ 4+ +

Neg
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Neg

Pos

Pos

Pos

Neg

T+

D

l+++++++++++ 1 ++++Z+++++Z++

++++

Pos
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Neg

Pos

Pos

Pos

Neg

A

+

e e e B i T e e B o i S B S S S |

Neg
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Neg

Pos

Pos

Pos

Neg

A+

+

i B s T T o e S S B e S B S S |

Neg
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Neg

Pos

Pos

Pos

A+t

Z
w)

e e i B S S

e i e

++ 4+t

Neg
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Neg

Pos

Pos

Pos

\+++++++++++\++++|+++++%%| |++++++%8
s

++ 4+

Neg
Pos

Pos

Pos

Pos
Pos

Pos
Pos
Pos

Pos

Pos

Pos

Pos

Pos

“ Only API 50 CH results are shown for V583 since all of the genes, by definition, were present in this strain.
? Fermentation of carbohydrates in the carbohydrate medium was indicated by a yellow color. Pos indicates fermentation, and Neg indicates no reaction, no color change.

¢ +, gene present; —, gene divergent; ND, gene unclassified.
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JH2-88

EF BRIDGE NCDO642

NCDO581

179Vet
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138Vet OGIRF INY3000 ORF Gene  Function
EF0145 hypothetical protein
EF0146 surface exclusion protein, putative
EF0147 hypothetical protein
EF0149 aggregation substance, putative
EF0150 membrane protein, putative
EF0480 excisionase, putative
EF0481 conserved hypothetical protein
EF0482 conserved hypothetical protein
EF0485 aggregation substance
EF0486 hypothetical protein
EF0487 conserved domain protein
EF0488 hypothetical protein
EF0489 conserved domain protein
EF0490 cell wall surtace anchor family protein
EF0491 conserved domain protein
EF0524 transeriptional regalator, Cro/CI family
EF0525 cylL-L protein
EF0526 cylL-§ protein
EF0527 oM cyIM protein
EF0528 cytolysin B ransport protein, truncation
EF0529 15256, ransposase

EF0699
EFOT00
EF0701 prfc
EF0702
EF0703

conserved hypothetical protein
hemolysin

peptide chain release factor 3
conserved hypothetical protein
conserved hypothetical protem

EF0798
EF0799
EF0801 leus
EF0803
EF0804
EF0805
EF0806
EF0807

hypothetical protein

autolysin

leucyl-tRNA synthetase

conserved hypothetical protein

amino acid ABC transporter. amino acid-binding protein
amino acid ABC transporter, ATP-binding protein
amino acid ABC transporter, permease protein
pheromone binding protein, putative

EF1988 hypothetical protein

EF1989 hem#i  ferrochelatase
EF1991 cpl cold shock protein CspC
EF1992 endolysin
EF1993 halin
| EF1994 conserved hypothetical protein

FIG. 4. CGH results for selected regions of the V583 genome containing virulence-related genes (see text). The status of each gene is indicated

as follows: black, present; white, divergent; grey, unclassified.

was divergent (EF2298 and EF2299; see Table S2 in the sup-
plemental material). The TCS encoded by EF1335 and EF1336
appeared divergent in V24, JH2SS, 179Vet, OG1RF, and
INY3000, while the TCS encoded by EF1863 and EF1864 was
divergent in V24, 179Vet, 138Vet, OG1RF, and INY3000 and
the gene for the sensor histidine kinase (EF1863) was unclas-
sified in JH2SS and EF BRIDGE. The EF1863-EF1864 region
encodes the vncSR TCS (mentioned above) and is located
within a mobile element. The EF1869-to-EF1863 region is
homologous to a region encoding the VncRS two-component
system and Vex secretion proteins in S. pneumoniae, and it has
been associated with vancomycin tolerance in the latter bacte-
rium (20, 26). The EF1869-to-EF1863 region is flanked by
1S256 (the efaBS MGE), so one may assume that it is horizon-
tally transferred (23). It was expected to be divergent in one or
several of the strains examined. EF1335 and EF1336 have been
predicted to play a role in the uptake of macrolide antibiotics,
like erythromycin, in V583. It is interesting that this TCS
appeared divergent in the multiresistant 179Vet strain. The
TCS was divergent in OG1RF, INY3000, V24, and JH2SS,
as well (Table 2). However, the EF1335 gene was found to
be conserved (present) in all of the strains analyzed by
Lepage et al. (18), and the distribution of this gene should
be further examined.

Regarding transcriptional regulators other than TCSs, most
genes coding for transcription factors were present in the
strains studied. (The genes for sigma factors, EF0049, EF0782,
EF1522, and EF3180, found in V583, were present in all of the
strains.) An exception is genes coding for transcriptional reg-
ulators in the Cro/CI family. The V583 genome contains 36
such regulator genes, and of these, 24 were divergent in at least
six strains. Three of these are located in the PAI or the van-
comycin resistance MGE in V583, and two are located in the
pTEF2 plasmid. However, genes coding for transcription fac-
tors in the Cro/CI family are often phage related, and the
divergence of a majority of these genes in the examined strains
may reflect the high content of phage DNA within the V583
genome.

Genes for pantothenate biosynthesis. Pantothenate is a pre-
cursor of coenzyme A, and thus, this compound is essential in
all organisms. Few organisms, though, are able to synthesize
pantothenate. It is assumed that V583 has acquired the pan-
tothenate biosynthesis genes from other bacteria (streptococci,
lactococci, clostridia) (23). Nine genes (EF0514, EF0517,
EF0521, EF0522, EF1655, EF1858 to EF1860, and EF2445) in
V583 have been predicted to be involved in pantothenate bio-
synthesis. Among these are three paralogs of the 2-dehydro-
pantoate 2-reductase (23). Two of the paralogs (EF1655,
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pTEF1 (~pAD1)

pTEF2 (~pCF10)

pTEF3 (~pAMB1)

44190
000EANI

FIG. 5. Comparison of E. faecalis strains with respect to the content of genes corresponding to the genes in plasmids pTEF1, pTEF2, and
pTEF3 of V583. The genes are arranged according to the numbering of V583 genes. Each column corresponds to a test strain. The status of each
gene is indicated as follows: black, present; white, divergent; grey, unclassified.

EF2445) were present in all of the strains examined. The nine
genes associated with pantothenate biosynthesis were all found
to be present in JH2SS, EF BRIDGE, NCDO 642, and NCDO
581. EF0514, EF0517, EF0521, and EF0522 probably belong to
a transposon (part of the PAI), and the genes appeared diver-
gent in four strains (V24, 138Vet, OG1RF, and INY3000),
while in 179Vet three of these genes were present (EF0517,
divergent). V24, 138Vet, OGIRF, and 179Vet lack genes
EF1858 to EF1860 (within the efaBS MGE), which are pre-
sumed to have been acquired from clostridia by V583 (23). The
variation in the content of the pantothenate biosynthesis genes
indicates that the acquisition in V583 of some of the genes
came about by relatively recent evolutionary events.

The ferrochelatase gene. EF1989 is a ferrochelatase gene
(hemH) of probable phage origin (phage04) which may enable
V583 to use coproporphyrinogen III for heme biosynthesis
(23). hemH is divergent in V24, OG1RF, and INY3000, while
the other strains may have the ability to use coproporphyrino-
gen III for heme biosynthesis in common with V583. Con-
sidering the fact that V24 is an environmental strain and
OGI1RF and INY3000 are laboratory strains, this is a rea-
sonable finding.

Content of plasmid genes in the E. faecalis strains examined
by CGH. Three regions of plasmid genes integrated into the
V583 chromosome were identified by Paulsen et al. (23), of
which one region is located within the PAIL. Two of these
plasmid regions contain genes encoding the virulence-associ-
ated aggregation substance. Genes encoding lipoproteins with

signal peptides resembling those of pheromone precursors are
also found within the regions of integrated plasmid genes (23).
In general, most of the integrated plasmid genes were diver-
gent in the strains examined. The main exceptions were as
follows. The plasmid genes within the PAI (EF0485 to
EF0506) appeared present in JH2-SS and 179Vet. The efaCl
region (EF2512 to EF2546; Lepage et al. [18]) was present in
138Vet and partly present in V24. Thus, the integrated plasmid
genes add to the plasticity of the enterococcal genomes, and
the presence or divergence of such regions may reflect the
importance of these genes in the original habitat of each strain.

The genome of V583 comprises, in addition to the chromo-
some, three plasmids, of which two are pheromone responsive.
These plasmids have been designated pTEF1, which is similar
to the pAD1 plasmid; pTEF2, which is similar to pCF10; and
pTEF3, which is like pAMB. The strains examined here by
CGH showed various contents of these plasmid genes (Fig. 5).

As expected, the majority of the pTEF1 genes (48 of the 68
genes examined) appeared present in JH2SS (Fig. 5), which
harbors the pAD1 plasmid. Likewise, 179Vet probably har-
bored a pTEF1-like plasmid (Fig. 5); 52 of the 68 genes were
classified as present. In the other strains, the contents of
pTEF1 genes varied (Fig. 5) from 1 (EFA0038; V24) to 17
(NCDO 581). The unique parts of pTEF1 comprise a trans-
poson with an aminoglycoside resistance gene and an IS-
flanked element with other drug resistance genes. These
pTEF1-specific genes (e.g., EFA0007; ermB, the gene for the
rRNA adenine dimethylase family protein; EFA0010; and
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EFA0061, the gene for a multidrug resistance protein) ap-
peared divergent in most of the test strains; EFA0007 was
divergent in all of the test strains; EFA0010 was present in EF
BRIDGE and unclassified in JH2SS, NCDO642, and 170Vet;
and EFA0061 was present in 179Vet only.

Regarding the genes of the pCF10-like plasmid pTEF2 (Fig.
5), the highest content of present genes was found in strain
NCDO 581 (20 of 53 genes present). For the other strains, the
number of present pTEF2 genes varied from 0 (NCDO 642) to
10 (179Vet). The novel pheromone inhibitor on pTEF2
(EFB0007) appeared divergent in all of the test strains (Fig. 5).

pTEF3 is the smallest of the plasmids in V583. It contains 19
genes, of which 16 were represented on our microarrays. The
highest content of pTEF3 genes was found in strain NCDO 581
(eight genes), while the number of present pTEF3 genes in the
other strains varied from zero (V24) to six (179Vet) (Fig. 5).
Thus, the environmental strain V24 contained the lowest num-
ber of genes similar to the plasmid genes of V583, while mul-
tiresistant strain 179Vet and strain NCDO 581 (type strain)
harbored a high percentage of genes from all three of the V583
plasmids. The plasmid contents of the nine strains examined
here should be examined further.

Conclusions. At present, only one complete genome se-
quence of the species E. faecalis is available. Thus, we do not
know yet how representative the V583 genome sequence is of
the species as a whole. Considering the fact that V583 contains
a huge amount of MGEs and exogenously acquired DNA, it is
probable that the V583 genome is larger than the genomes of,
e.g., environmental E. faecalis strains. This hypothesis can be
tested e.g., by an approximate genome size determination of
the test strains by pulsed-field gel electrophoresis or, alterna-
tively, by using the ArrayOME approach recently described by
Ou et al. (22). What also limits the results of studies with CGH
using single-genome arrays is the fact that they only enable us
to do one-way comparisons of the strains; genes that are
present in the test strains only will not be discovered in these
studies. For further insight into the exact gene contents of the
test strains, primer walking and sequencing starting from in-
teresting present genes may be done. The inherent noise in
microarray experiments and data should also be mentioned.
Microarrays seldom provide data as exact as those provided by
many traditional single-gene techniques. But microarrays and
CGH present us with an overwhelming amount of data that
show important evolutionary trends. The information obtained
by CGH is crucial, providing us with extensive gene content
information that cannot be obtained with traditional tech-
niques. Detailed information on single genes can be obtained,
e.g., by simple PCRs.

Regarding the species E. faecalis, our CGH analysis has
revealed great genome plasticity and diversity. Most of this
variation is related to the V583 mobilome, and with regard to,
e.g., sugar metabolism, the variation among strains is much
lower. The CGH analysis revealed various contents of exog-
enously acquired DNA (antibiotic resistance- and virulence-
related genes) in the test strains, which support the theory of
independent selection of antibiotic resistance and virulence
traits (10) during the evolution of the species. To define the
core of functional genes defining the species E. faecalis, more
CGH studies are needed. Our studies, along with the work by
Lepage et al. (18), have identified a group of genes that prob-

APPL. ENVIRON. MICROBIOL.

ably is a part of the E. faecalis core genes. It is hoped that
future CGH studies will also reveal the reason why some E.
faecalis strains can be used as probiotics or in starter cultures
while others are feared opportunistic pathogens.
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